U.S. Department of Energy

Lawrence
Livermore
National
Laboratory

NS¢

Preprint
UCRL-JC-140340

Review of Dark-Matter
Axion Experiments

K. van Bibber, D. Kinion

This article was submitted to
19" International Conference on Neutrino Physics and Astrophysics,

Sudbury, Canada, June 15-21, 2000

August 30, 2000

Approved for public release; further dissemination unlimited



DISCLAIMER

This document was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor the University of California nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the United States
Government or the University of California. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or the University of California, and
shall not be used for advertising or product endorsement purposes.

This is a preprint of a paper intended for publication in a journal or proceedings. Since changes may be
made before publication, this preprint is made available with the understanding that it will not be cited
or reproduced without the permission of the author.

This work was performed under the auspices of the United States Department of Energy by the
University of California, Lawrence Livermore National Laboratory under contract No. W-7405-Eng-48.

This report has been reproduced directly from the best available copy.

Available electronically at http:/ /www.doc.gov /bridge

Available for a processing fee to U.S. Department of Energy
And its contractors in paper from
U.S. Department of Energy
Office of Scientific and Technical Information
P.O. Box 62
Oak Ridge, TN 37831-0062
Telephone: (865) 576-8401
Facsimile: (865) 576-5728

E-mail: reports@adonis.osti.gov

Available for the sale to the public from
U.S. Department of Commerce
National Technical Information Service
5285 Port Royal Road
Springfield, VA 22161
Telephone: (800) 553-6847
Facsimile: (703) 605-6900

E-mail: orders@ntis.fedworld.gov
Online ordering: http:/ /www.ntis.gov/ordering.htm

OR

Lawrence Livermore National Laboratory
Technical Information Department’s Digital Library
http:/ /www.lInl.gov/tid /Library.html


mailto:orders@ntis.fedworld.gov
http://www.llnl.gov

Review of Dark-Matter Axion Experiments

K. van Bibber and D. Kinion®

3Lawrence Livermore National Laboratory
7000 East Ave., Livermore, CA 94550

We review the status of two ongoing large-scale searches for axions which may constitute the dark matter of our
Milky Way halo. The experiments are based on the microwave cavity technique proposed by Sikivie, and marks a
*second-generation’ to the original experiments performed by the Rochester-Brookhaven-Fermilab collaboration,

and the University of Florida group.

1. INTRODUCTION

Axions, a promising cold dark matter can-
didate, arise from a minimal extension of the
Standard Model to enforce Strong-CP conserva-
tion. The Peccei-Quinn solution to the Strong-
CP problem in QCD [1] involves an approximate
Upg(1l) global symmetry. This Upg(l) sym-
metry is spontaneously broken at some unkown
symmetry-breaking scale f,, and the axion is the
assoclated pseudo-Goldstone Boson[2].

The properties of the axion depend mainly on
the symmetry breaking scale f;. Had the Upg(1)
symmetry been exact before the SSB, the axion
would be massless. Instead, its mass which is
inversely proportional to f, is given by

107 GeV
mg[eV] =~ 0.6 era Gev] (1)
All of the axions couplings are proportional to
mg,. The coupling relevant for cavity detectors is
the two-photon coupling described by

od =
Loyy = QV#F/‘VF" = —gayy9aE-B (2)

where o is the fine structure constant, ¢, is the
axion field, g4 is a model-dependent constant of
order unity, and govy = (agy/7fs). For the
two most important axion models, KSVZ [3] and
DFSZ 4], g4 ~ 0.97, and g, ~ —0.36 respectively.

Since f, is unknown and arbitrary, m, could
have any value. Fortunately, astrophysical and
cosmological considerations help constrain m,.
Accelerator-based searches and stellar evolution

limits [5] based mainly on SN1987A place an up-
per limit m, < 10~%eV. Axions created from the
vacuum misalignment mechanism [6] would have
a cosmological abundance given by:

) .
SueV\*
Q. =P~ <J‘__> (3)
Pe Mg
where p. is the critical density of the universe.
Requiring Q, < 1 gives m, > 107%V, although
this could change in some inflationary scenarios,

[7]. Combining the two limits gives the allowed
mass range, or axion window.

1076 < m, < 1072V (4)

2. THE MICROWAVE CAVITY AXION
DETECTOR

To date, the most efficient method of search-
ing for axions is the microwave cavity technique
originally proposed by Sikivie [8]. In a static
background magnetic field, axions will decay into
single photons via the Primakoff effect. The en-
ergy of the photons is equal to the rest mass of
the axion with a small contribution from its ki-
netic energy, hence their frequency is given by
hf = mac®(1 + O(107%)). At the lower end of
the axion window (4), the frequency of the pho-
tons lies in the microwave regime. A high-Q res-
onant cavity, tuned to the axion mass serves as
the detector for the converted photons. The ex-
pected signal power varies with the experimental
parameters as [8,9]

Parsy & B*VCQfpa (5)



where B is the background magnetic field, V is
the cavity volume, C is a mode dependent form
factor, @ is the loaded quality factor, f is the
resonant frequency, and p, is the local halo ax-
ion density. Axions couple most strongly to the
TMo10 cavity mode (C ~ 0.5), so it is the only
mode used in most searches. For the parameters
of the U.S. experiment, the power from KSVZ
axions is typically 5 x 10722W.

Since the axion mass is unknown, the frequency
of the cavity must be tunable. The signal-to-noise
ratio (SNR) is related to the integration time t,
and signal bandwidth B by Dicke’s radiometer
equation

S Pa—b'y Prz-—yy t
Z 19 /B =%, [
N Py t kg7, V B (6)

where kg is Boltzmann’s constant, and 7T, is the
system noise temperature. This expression can
be inverted to give the scan rate which scales as

df  f2Q.C*B*V?
ar & T?

8

(7)

3. THE U.S. DARK-MATTER AXION
SEARCH

This section describes the operations and re-
sults of a microwave cavity axion search cur-
rently operating at Lawrence Livermore National
Laboratory. This experiment, a collaboration of
LLNL, MIT, Univ. of Florida, LBNL, UCB,
Univ. of Chicago, and FNAL, has been op-
erating with greater than 90% live time since
February 1996 exploring the region from 0.3 to
3.0 GHz (1.2 to 12.4 peV) at better than KSVZ
sensitivity.[10] The experiment draws heavily
on the experience gained in two pilot experi-
ments performed in the late 1980°s, one by a
collaboration of Rochester-Brookhaven-Fermilab
(RBF)[11] and a second at the University of
Florida (UF).[12]

Figure 1 1s a schematic of the U.S. dark-matter
axion detector.

3.1. Present Experiment
The magnet employed in this search is a super-
conducting NbTi solenoid constructed by Wang

NMR Inc.[13] It is a low current (224 A), high in-
ductance (533 H) design to maximize field stabil-
ity, which serves to minimize eddy current heating
of the cavity. The operating field at the center of
the coil is usually 7.62 T. The coil has remained
cold since its arrival in March, 1995, using an av-
erage of 60 liters of liquid helium per day.

The microwave cavities are right-circular cylin-
ders constructed from stainless steel and plated
with ultra-high purity, oxygen-free copper. An-
nealing the cavities after plating increases the
copper’s conductivity.

Two different cavity configurations have been
used so far in this experiment. The region from
550 - 810 MHz has been scanned with a single cav-
ity 50 cm in diameter and 1 m long. The resonant
frequency of the empty single-cavity is 460 MHz
and the unloaded Q i1s approximately 200000. Re-
cently, a set of four indentical cavities has been
operated with the output combined in phase us-
ing a Wilkinson power combiner. Each cavity has
a 20 cm diameter and is 1 m long. The empty
frequency of these cavities is 1.16 GHz, and the
unloaded Q is approximately 160000. The four-
cavity array will be used to search from 810-2000
MHz.

Power-combining multiple cavities allows the
entire magnet volume to be utilized as the fre-
quency of the cavities increases. This is possible
because the axion signal is coherent on laboratory
scales (Ap =~ 10-100 m).

Moving a combination of metal and dielec-
tric rods, running the full length of the cavities,
changes the resonant frequency. These rods can
move from the center of the cavity to the wall.
The single cavity accommodates two rods, while
each of the four cavities has one.

To achieve the required 500 Hz resolution in
resonant frequency it 1s necessary to move the
tuning rods in very fine steps. The single cavity
was tuned using stepper motors with a resolu-
tion of 1.8°/step followed by a gear reduction of
42000:1. The final step size is approximately 600
nm, corresponding to roughly 500 Hz frequency
shifts. This mechanical system was not practical
for the four-cavity array, so a new piezoelectric
based mechanism was implemented. The step-
ping resolution with this system was better than
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Figure 1. The U.S. Axion search detector.

50 nm, corresponding to a frequency resolution
better than 100 Hz. All four cavities must have
the same frequency for optimal phase-matching.

Superfluid *He maintains the physical temper-
ature of the cavities near 1.5 K. A roots blower
pumps on a pool of helium in the cavity space,
evaporatively cooling the cavities and cryogenic
amplifiers to 1.5 K. The pressure of the helium
gas in the cavity is roughly 0.1 Torr.

The cryogenic amplifiers used in this search are
double-balanced GaAs HFET amplifiers supplied
by NRAO.[14] The in situ measured noise tem-
peratures range from 1.7 - 4.5 K. For minimum
noise temperature, 1t is important that the am-
plifiers be positioned so that the B field is parallel
to the plane of the HFET channels.[14] Cascad-
ing two of these amplifiers achieves sufficient gain
(35 dB) to render downstream noise contributions
negligible.

Before data is taken at a given frequency, a
transmission measurement is made. A fit of the

transmission curve to the sum of a Lorentzian and
constant background determines the resonant fre-
quency and Q.

The double-heterodyne receiver shown in Fig-
ure (1) mixes a small bandwidth centered on the
cavity frequency down to 35 kHz. This audio fre-
quency signal is then sent to medium and high-
resolution spectrum analyzers.

The medium-resolution search channel consists
of a Stanford Research Systems [15] FFT spec-
trum analyzer. The sampling interval of the ana-
lyzer is 80 msec, giving a frequency resolution of
125 Hz. These data are coadded and the result
searched for Maxwellian peaks a few bins wide
(about 700 Hz) characteristic of thermalized ax-
ions in the halo.[16]

An independent, high-resolution search chan-
nel operates in parallel to explore the possibility
of fine-structure in the axion signal.[17,18] The 35
kHz signal passes through a third mixing stage to
shift the center frequency to 5 kHz. A PC based
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Figure 2. Axion couplings and masses excluded at
the 90% confidence level by the U.S. experiments.
The solid lines indicate the KSVZ and DFSZ model
predictions. The arrows at the bottom indicate the
coverage of different cavity configurations. The re-
sults from the two pilot experiments are scaled to
90% c.l. and p, = phralo-

DSP takes a single 50 second spectrum and per-
forms an FFT with 20 mHz frequency resolution,
about the limit imposed by the Doppler shift due
to the earth’s rotation. These data are searched
for coincidences between different scans, as well
as coincidences with peaks in the medium resolu-
tion data. '

Positive fluctuations in the power spectrum
are identified as candidate peaks and rescanned.
Peaks which are statistical in nature will not reap-
pear and can be eliminated as axion signals. Can-
didates which survive the rescan are considered
persistent, and must be checked in other ways.
Those few that remained have all been linked to
external sources by using an antenna in the room.
If a peak were to survive all of these checks, the
definitive test would be to see if it appears only
when the magnetic field is on.

So far, no axion signal has been detected.
Based on these results, we exclude at 90% con-
fidence a KSVZ axion of mass between 2.5 and
3.3 peV, assuming that thermalized axions com-
prise a major fraction of our galactic halo (p, =
450 MeV/cm®). This exclusion region and the
results from two pilot experiments are shown in
Figure 2. For more details see Ref. {21].

In March 2000, the first data from the four-
cavity array was taken. This was a commissioning
run in a region with a low form factor. With the
arrival of new HFET amplifiers in the 1-2 GHz
region, production running with the four-cavity
array will commence in Fall 2000. The first exclu-
sion limit from a multiple-cavity axion detector is
shown in Figure (3).
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Figure 3. First exclusion plot from the four-cavity
array.

4. RESEARCH AND DEVELOPMENT

The ultimate goal of this experiment is to scan
as much of the axion window as possible with
DFSZ sensitivity. Since the expected power from
DFSZ axion conversion is an order of magnitude
lower than that from KSVZ axions it would take
one hundred times longer to reach similar sensi-
tivity. From Equation 7, the scanning rate goes
as T, 2, therefore, an order of magnitude reduc-
tion in system noise temperature would allow a
scan at DFSZ sensitivity with the same rate as
the present scan with KSVZ sensitivity. This is
achievable with new dc SQUID based RF ampli-
fiers.

Predictions of m, from string models are typi-
cally O(100 peV), requiring cavities with fo10 ~



25 GHz. The technique of power-combining sig-
nals from many small cavities is only practical for
frequencies up to &~ 3 GHz, because the number
of cavities required scales as f§ o, where fo10 is
the frequency of the TMg1p mode. An alterna-
tive for reaching higher frequencies is the strate-
gic placement of metal posts inside a single larger
cavity.[20]

Work in these two areas is described in the fol-
lowing sections.

4.1. dc SQUID Amplifiers

In the past two years a group at Berkeley led
by John Clarke has developed dc SQUID ampli-
fiers in the 100 - 3000 MHz range specifically for
the axion experiment. Noise temperatures as low
as 50 mK have been measured at a physical tem-
perature of 30 mKk.

The dc SQUID consists of two Josephson junc-
tions connected in parallel on a superconducting
loop. The SQUID produces an output voltage in
response to a small input flux, and is a very sen-
sitive flux-to-voltage transducer. Detailed com-
puter simulations of the signal and noise proper-
ties were made by Tesche and Clarke.[22]

The most common configuration of a dc SQUID
amplifier is shown in Figure 4.[23] The supercon-
ducting loop is a square washer with a slit on one
side. The loop is closed via a superconducting
counter-electrode connected to the washer by two
resistively-shunted Josephson junctions. Flux is
coupled into the SQUID through a microstrip in-
put coil separated from the washer by a thin in-
sulating layer. A microstrip resonator is formed
by the open-ended stripline whose impedance is
determined by the inductance of the input coil
and its ground plane, and the capacitance be-
tween them. Near the fundamental frequency of
the stripline, the gain of the amplifier is strongly
enhanced.

The square-washer SQUIDs fabricated at
Berkeley had inner and outer dimensions of 0.2
mm x 0.2 mm and 1 mm x 1 mm, and the input
coils had a width of 5 pm and lengths ranging
from 6 - 71 mm. The resonant frequency of the
stripline scales as £7!; the highest frequency am-
plifier built so had f > 3 GHz. Frequencies up to
5-7 GHz should be achievable with the same de-

. «— Washer
Coil

Junction

Shunt Counter electrode

;IB

Figure 4. Square-Washer dc SQUID. The signal is
coupled to the innermost turn of the coil, the outer-
most turn is either open-ended, shorted to the washer,
or connected to a variable reactance.

sign. Much higher frequencies (up to ~ 25 GHz)
may be possible with a new inline-SQUID design.

The bandwidth of these amplifiers have been
greatly improved by varying the resonant fre-
quency of the stripline n situ. This has been
accomplished by connecting a pair of GaAs var-
actor diodes across the previously open end of
the microstrip.[24] The capacitance of the diodes
is controlled by varying their reverse bias volt-
age. In principle, the tuning range is 0.5fy — fo,
where fo 1s the resonant frequency of the open-
ended line, as the load is varied from a short to
an open. Measurements of the noise temperature
at 4.2 K with and without the varactors revealed
no discernible difference.

The noise temperature of the SQUID ampli-
fiers was measured using a heated resistor. The
dominant source of noise in these devices is the
Johnson noise from the resistive shunts across
the Josephson junctions. This noise scales lin-
early with temperature, so the noise temperature
of dc SQUIDs is expected to be proportional to
their physical temperature until either the quan-
tum limit (T, = hv/kpln 2)[25] is reached or hot
electron effects in the shunts become dominant.

In an attempt to reduce the noise temperature,
SQUIDs were cooled to 0.4 - 0.5 K 1n a charcoal-
pumped, single-shot 2He cryostat.[26] The system



noise temperature at 438 MHz was 0.50+0.07 K,
of which 0.38 & 0.07 K was contributed by the
postamplifier.

At 500 mK, the noise temperatures are already
within a factor of four of the quantum limit, which
for a 500 MHz amplifier is approximately 35 mK.
Demonstrating a quantum limited amplifier will
require a much quieter postamplifier. Toward this
end, a second SQUID has been used as a postam-
plifier to the input SQUID. The maximum power
gain at 386 MHz was 33.5+ 1 dB. Noise temper-
atures below 100 mK have been measured using
cascaded SQUIDs cooled in a dilution refrigera-
tor. Work is continuing to demonstrate quantum-
limited noise performance.

4.2. Higher Frequency Cavities

A possibility for high frequency cavities with
a reasonable volume is the periodic placement of
metal posts inside a cavity. Figure {5) shows a
triangular lattice of 19 posts inside a circular cav-
ity. With r/R = 0.1, this arrangement raises the
TMpy, 0 frequency by a factor of 5 compared to the
empty cavity value. The form factor is = 0.5, a
reasonable value for a cavity axion detector. It
is important to note that the usable volume in
this configuration is greater than that of a single
empty cavity with the same resonant frequency.

— |- 2r

o000
o000
1 O00 00
o000
T

Figure 5. A triangular lattice of 19 posts inside a
single circular cavity.

A prototype cavity with 72 posts has been con-
structed. The posts are arranged as two inter-
twined square lattices of 36 posts each. One of

the lattice is fixed, and the other can be moved
as a group. The cavity is tuned by changing the
offset of the two lattices. Figure (6) shows the
lowest three TM modes for the prototype cavity.
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Figure 6. The lowest three TM modes of the proto-
type multi-post cavity.

More study is required to determine if this is
a feasible method to explore higher frequencies.
The biggest concerns are limited tuning band-
width, constraints on the physical dimensions to
avold mode-localization, possible degradation of
the form factor as the cavity is tuned, and the
density of interfering TE and TEM modes at
higher frequencies. Resolving these issues could
extend the mass range of microwave cavity axion
searches by another decade.

5. RYDBERG ATOM SINGLE-QUAN-
TUM DETECTOR

Another second-generation axion search is un-
der development at the University of Kyoto. This
effort seeks to exploit the extremely low-noise
photon counting capability of Rydberg atoms in
a Sikivie-type microwave cavity experiment. The
initial goal is to sweep out a 10% mass window
around 2.4ueV.

Rydberg atoms are atoms (usually alkali met-
als) where one electron is promoted to a princi-
pal quantum number n 3> 1, near the ionization



limit.[27] The valence electron of such highly ex-
cited atoms in hydrogen-like.

An experiment utilizing Rydberg atom single-
quantum detection in Kyoto is well along in com-
missioning ("CARRACK’ for Cosmic Axion Re-
search with Rydberg Atoms in a Resonant Cavity
in Kyoto).[28] A sketch of the apparatus is shown
in Figure 7. The microwave resonator is a sin-
gle copper cavity (4.5 cm radius, 72.5 cm long)
which fits inside a superconducting solenoid (15
cm diameter, 50 cm long, 7 T peak field). Power
from the conversion cavity is coupled to a nio-
bium superconducting cavity just above it, where
the magnetic field is canceled. by a bucking coil.
The frequency of both cavities are made to track
by means of 6 mm sapphire rods inserted axially
into them. The cavities are cooled to < 15 mK
by means of a dilution refrigerator.

A beam of rubidium atoms is accelerated, neu-
tralized and directed vertically through the de-
tection cavity. Just before entering the detec-
tion cavity, the atoms are excited to a Rydberg
state with principal quantum number near 160,
by triple optical excitation with three colinear
diode laser beams. In the detection cavity, the
Rydberg atoms are then Stark-tuned so an E1
np — (n 4+ 2)s transition is matched to the cav-
ity frequency. After exiting, the Rydberg atoms
are selectively ionized by an electric field (around
0.5 V/cm) and the liberated electron is detected
and amplified by an electron multiplier (" Chan-
neltron”).

Studies have been performed to confirm that
the experiment 1s sensitive to single blackbody
photons in the < 15 mK range. These include
verifying the temperature dependence, and the
number and velocity of the Rydberg atoms.[29]
Several percent of mass range around 2.4 GHz (~
10peV’) has been swept out, but candidate peaks
have not been eliminated yet, nor have potential
systematic backgrounds been rejected.

6. CONCLUSIONS

Axions are a well-motivated dark-matter can-
didate, enjoying both a bounded parameter space
as well as experiments capable of searching a large
portion of that region definitively. Quantum-
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Figure 7. Schematic diagram of the experimental
system to search for axions with Rydberg atoms in
cooled resonant cavities.

limited SQUID amplifiers and Rydberg atom
single-quantum detectors will give microwave-
cavity axion detectors sensitivity to the most fee-
bly coupled axion models. At the same time,
new high frequency cavity designs may extend the
mass coverage by at least another decade.
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